~" Pressure-volume conditions were studied in 17 patients with subarachnoid and/or intraventricular hemorrhage, who underwent continuous intracranial pressure (ICP) monitoring. The pressure-volume index (PVI) technique was used. The interrelationship between the ICP pulse amplitude and compliance was also examined. All patients were admitted in Hunt and Hess Grades II to V, and 11 had a proven aneurysm. The ICP was above 15 mm Hg in all patients during some part of the monitoring period. The pressure-volume conditions were abnormal in all patients. Median PVI was 12.7 ml (5.8 to 40.0 ml). The PVI did not correlate with ICP; the PVI based on bolus injection was significantly greater than PVI based on fluid withdrawal. The ICP pulse amplitude varied from 1.5 to 15 mm Hg and rose concomitantly with increasing ICP. Considering the pulsatile shift in intracranial blood volume as an endogenous bolus that increases ICP from the diastolic (Pd~as,) to the systolic (Psyst) level, an equation was derived from the PVI model that describes the relationship between the PsyscPJiast ratio and the PVI.
A N analysis of the relationship between intracranial pressure (ICP) and volume is essential for a better understanding of ICP dynamics, under both normal and hypertensive conditions. Various methods have been employed to study this relationship, most of which demand a volume perturbation of the cerebrospinal fluid (CSF) space, x1-~3" 27 In an attempt to avoid fluid manipulations of the CSF space, some authors have analyzed the ICP pulse amplitude, 2-4'5'2s because it has been suggested that the pulse amplitude is a measure of intracranial compliance or elastance. 4'8' 25 An intermediate approach has been presented by Pasztot, et al., J6 who measured intracranial "compliance" by increasing the intracranial volume by CO2 inhalation. The number of clinical studies of pressure-volume conditions in subarachnoid hemorrhage (SAH) in the acute phase is limited. In spite of obvious theoretical advantages, few authors have employed the pressurevolume index (PVI) technique, which is the method used in this study. 19 . 26 The aim of the present study was l) to study the applicability of the PVI technique in patients with recent SAH and/or intraventricular hemorrhage (IVH) which, in this context, is considered a variety of the former; 2) to examine the pressure-volume conditions in this group of patients; and 3) to compare PVI measurements with measurement of the ICP pulse amplitude, in order to clarify to what extent study of the pulse amplitude in the undisturbed CSF space can substitute for CSF perturbations in pressure-volume analysis.
Clinical Material and Methods

Patient Population
The study sample is identical to the one studied in a previous paper. 9 In brief, it includes 17 patients admitted to the neurosurgical department for SAH and/or IVH, verified by cranial computerized tomography (CT). There were 12 females and five males, with a mean age of 50 years (range 14 to 76 years). Admission grades according to Hunt and Hess 8 were: Grade I (no patients); Grade II (two patients); and Grades III to V (15 patients). When the pressure-volume studies were undertaken, only one patient was in Grade II, two were in Grade III, and the remainder were in Grades IV and V. Five patients harbored an intracerebral hematoma, two of whom underwent emergency craniotomy. Eleven patients had a proven aneurysm. Overall, eight patients survived.
Study Method
All patients underwent extraventricular drainage beginning 0 to 9 days (median time Day 0) after the bleeding episode. The ICP was monitored via the intraventricular catheter beginning 0 to 11 days after bleeding (median 3 days). Drainage was intermittent, and institution was mainly determined by the level of the ICP and the amount of blood in the CSF. The total monitoring time (including drainage periods) amounted to 1 to 9 days (median 4 89 days).
Pressure-Volume Studies. Pressure-volume studies were undertaken during periods when drainage lines were clamped. The PVI can be determined using either bolus injection or withdrawal of fluid.12 The procedure for the bolus injection method was as follows. After a stable baseline ICP was obtained (P0) (registering pulsatile ICP, paper speed 6 cm/min), a bolus of normal saline or Ringer's lactate was injected at 1 ml/sec via a plastic syringe attached to the fluid-filled tubing system via a true three-way stopcock. The peak pressure (Pp) was then recorded (Fig. 1 left) . The PVI was computed according to the method of Marmarou, e t a [ . , 12 and termed "PVIinj," as follows:
log P--s Po where AV is the amount of fluid injected intraventricularly. For calculations, the diastolic pressure values in the same respiratory phase (usually the trough) were used. As a precaution, the first injection always contained a small amount of fluid (1 to 3 ml depending on the baseline pressure) in order to estimate intracranial compliance as a guideline for the size of the following injections.
When PVI was determined by means of fast withdrawal of fluid ( Fig. 1 right) , it was calculated using the following equation and termed "PVIwo" AV PVIwd = --
Po' log p----~ where P0 is the baseline pressure, and Pm is the minimum pressure obtained after withdrawal of AV ml fluid. A total of 58 PVI determinations were based on 105 CSF perturbations (injection or withdrawal of fluid). In 21 instances these were "double" determinations of PVI based on injections as well as withdrawals during the same test session. In two instances only withdrawal of fluid was undertaken. There were no observed complications that could be related to the pressure-volume studies themselves. Infection (ventriculitis) was noted in one patient during the time of ICP monitoring.
Pulse Amplitude. monitoring system, was tested. A signal causing a deflection amounting to a quarter of the full-scale paper, corresponding to a pressure of 25 m m Hg, was depicted with 100% accuracy, falling to 95% when the frequency of the signal was increased from l to 2.8 Hz.
Intracranial Pressure. For the purpose of the present analysis of ICP, the patients were divided into four groups based on the highest mean ICP that was registered, disregarding peaks as a result of external stimuli, such as nursing procedures. One must take into account the modifying effect of intermittent drainage. Normal ICP was defined as ICP that never exceeded 15 m m Hg (no patients); mild elevation was above 15 m m Hg but not over 25 m m Hg (two patients); moderate increase indicated elevations up to 40 m m Hg (l 1 patients); and severe intracranial hypertension referred to ICP's above 40 mm Hg (four patients). Linear regression lines were computed using the least-square method; p values for the correlation coefficients appear in Geigy's scientific tables.
Results
The results are summarized in Table I .
Intracranial Pressure
Intracranial pressure was abnormally elevated in all patients at some time during the recordings. Waves of 89 to 2/min (B-waves) were noted in all patients. For further details see the previous description. 9
Pressure-Volume Index
The PVI varied from 5.8 to 40.0 ml, but the latter value was clearly an extreme. Thus, the three quartiles were I 1.4, 12.7 (median value), and 16.4, respectively. In cases where more than one PVI determination was available in the same patient, the ratio between the highest and the lowest PVI varied from 1.0 to 2.3. In no case could these variations be attributed to any observed clinical change. The median PVI's in the three ICP categories were: I 1.7 ml (mild elevation), 13.5 ml (moderate elevation), and 13.6 ml (severe elevation). A plot of PVI versus ICP at the time the pressure-volume study was undertaken did not suggest any correlation between PVI and ICP (not shown here). On 21 occasions in I l patients, PVI was determined by bolus ~; Logarithm of the ratio of systolic ICP (Psra) to diastolic ICP (P~) is used for construction of Fig. 6 .
w Determined by fluid withdrawal, the rest by bolus injection. injection as well as withdrawal during the same test session. The results appear in Table 2 and Fig. 2 . In the majority of instances PVIinj was greater than PVIwa. This difference was significantly different (0.2 < p < 0.5) using Wilcoxon statistics for paired data. The median standard deviation for each PVI determination was 9%.
M. Kosteljanetz
Pulse Amplitude
The pulse amplitude is summarized in Table 1 . Pulse amplitude varied from 1.5 to 15 mm Hg. A plot of pulse amplitude versus mean ICP at the corresponding time is shown on Fig. 3 . A linear regression line using the least-square method is indicated, and a linear correlation is suggested (r = 0.49, p < 0.001). Figure 4 is a scattergram of PVI versus the pulse amplitude, and does not suggest any correlation. If the pulse amplitude is corrected for the influence of the baseline ICP, that is, divided by Po, an inverse (exponential?) relationship is suggested (not shown here). This is further substantiated in Fig. 5 , which shows a plot of the logarithm of the ratio (pulse amplitude/baseline ICP) versus PVI. The linear regression equation is y = -0.034x + 0.089 (r = -0.61, p < 0.001).
Discussion
The pressure-volume relationship of the neural axis can be defined as the pressure response that is the result of a relatively fast, commonly induced, volume change. While it can be examined over a wide range of pressures in experimental studies, ~~ clinical studies must be limited to safe ICP levels. Furthermore, as a general rule, perturbations are restricted to the CSF space, which seems to have pressure-volume capacities different from, for instance, the epidural space, z3'z4 According to M a r m a r o u , et al., ~ the pressure-volume relationship can be described as a linear function using the PVI m e t h o d , which only requires a single CSF perturbation. In spite o f this obvious theoretical advantage, clinical studies o f this technique are surprisingly few. In contrast to T a n s a n d Poortvliet, 26 who modified the model equations, we have adhered to the original technique.
The difference between PVI as d e t e r m i n e d by bolus injection versus fluid w i t h d r a w a l that we found in this study was not reported in the original work by Shapiro, et al. 21 Miller a n d colleagues,13 in their study of induced ICP changes, found a greater ICP change with injection than with withdrawal and a t t r i b u t e d that to hysteresis o f the system. A n o t h e r e x p l a n a t i o n could be that a small quantity o f the injected v o l u m e is absorbed by the n u m e r o u s orifices in the skull base, 1 which would account for a m o r e c o m p l i a n t system when the in- The number of sequential CT scans was too limited in the study to analyze potential causes for variations in PVI in individual patients, such as correlation with possible changes in midline shifts, which Miller and Pickard TM found corresponded with volume-pressure response. Nor was it feasible to study the correlation between PVI and the spontaneous course of ICP in this category of patients, where intermittent drainage was employed. It is, however, important to note that the pressure-volume conditions could be highly abnormal in the absence of frank intracranial hypertension at the time the test was undertaken, and underscores the importance of an independent pressure-volume analysis irrespective of the level of ICP.
Elastance-compliance measurements, like the PVI technique, can only be monitored discontinuously and may have potential hazards. It is clear that observation of a continuous variable like the pulse amplitude is desirable, provided it contains equally useful informtion. In comparing pressure-volume relationships with the ICP pulse, it is important to distinguish studies of induced pulse amplitude changes as a result of CSF perturbations in individual patients, which Hamer and Ki~hner 7 found to be linearly correlated. In the present study, the undisturbed pulse amplitude was related to the measured compliance (PVI), and not surprisingly an inverse relationship was suggested. Avezaat and van Eijndhoven I have discussed the interrelationship between CSF pulse pressure and elastance in their recent exhaustive thesis. They concluded that the pulse pressure is determined by the shape of the pressure-volume curve as well as the magnitude of the pulsatile change in cerebral blood volume (CBV). If the latter is considered an "endogenous bolus, ''5 that is, AVcBv that leads from diastolic ICP (Pdiast) to systolic ICP (Psyst), then one arrives at the pressure-volume index by:
Psyst log --
which describes a linear function y = bx + c, provided AVcBv is constant (b) and c = 0. Computing a linear regression line using the data from the present study (Table 1 and Fig. 6 ) leads to the following equation:
with correlation coefficient r --0.77, which is highly significant (p < 0.001). The slope AVcBv = 3.6 ml, which is in the same order of magnitude as reported by Avezaat and van Eijndhoven Z in patients with more chronic conditions (1.67 _+ 0.96 ml (mean + standard deviation)). Avezaat and van Eijndhoven calculated, however, that the corresponding pulsatile change in CSF volume was negligible (in the order 0.005 ml), and concluded that it does not contribute to an increase in total craniospinal volume and thus cannot account for the ICP pulse wave. Our analysis of the magnitude of the pulse amplitude and the pressure rise/ml of fluid in the corresponding bolus injection (Table 3 ) (similar to the volume-pressure response of Miller, et al. j3"~4) showed that an average "bolus" of 2 ml is demanded to produce a pressure rise in the same order as the pulse amplitude. This amount is obviously many times larger than the 0.005-ml CSF shift estimated by Avezaat and van Eijndhoven ~ but in the same order of magnitude as the computed shift in blood volume (AVcav). Considering the magnitude of the visually appreciable pulsations of the brain during craniotomy, we believe it is likely that a shift in intracranial CSF volume is in the order of a few milliliters, part of which is eventually accommodated in the spinal canal.
The present study supports the concept that the ICP pulsations are determined by the pulsatile change in blood volume and by pressure-volume conditions. L~s Within the ICP range studied here, this relationship can be described by Equation 3 , although it should be noted that it describes the ratio Psyst:Pdiast, and not the amplitude (Psyst --Pdiast).
Recent studies suggest that the intracranial pulse wave reflects the state of the vasculature rather than the pressure-volume conditions. 36~7 However, these studies have mainly been concerned with the appearance of the waveform rather than with the magnitude of the pulse. Besides, it seems likely that the pulsatile change in blood volume to some extent depends on the vascular tone and, under conditions of compromised vascular tone, is transferred to the intracranial compartment more directly and thus may influence the ICP-volume conditions.
The PVI has been found useful in a variety of clinical contexts. However, there is no universal agreement as to what the PVI represents. Shapiro and Marmarou 2~ related the decreased PVI in their study of pediatric head injury to depletion of volume-buffering capacity, but others have questioned this interpretation. 22, 26 In view of the short period of CSF manipulation, the venous pool is considered the compartment most likely to accommodate the additional volume? ~ Hence it seems less likely that the PVI represents spatial compensation ability, which is mainly offered by the CSF compartment. In conclusion, the present study confirms that: 1) the PVI technique may be used in patients with acute SAH for the purpose of determining the pressure-volume conditions, with the limitations imposed by the difference in results obtained with bolus injection and fluid withdrawal; 2) the pressure-volume conditions in these patients were indeed highly abnormal; and 3) there exists a reciprocal relationship between the ICP pulse and compliance, at least within the ICP range studied here.
